Mesophyll protoplasts of barley were efficiently infected with brome mosaic virus (BMV) in two different ways under different conditions. Polycation-independent infection occurs at low pH in low ionic strength inoculum whereas polycation-dependent infection occurs at high pH in higher ionic strength inoculum. Optimal conditions at low pH were 20/~g/ml BMV, 0.2 #g/ml poly-L-ornithine and 0"7 M-mannitol in o-I mM-potassium citrate buffer, pH 5"0; about 7o% of protoplasts were infected. Optimal conditions at high pH were I/~g/ml BMV, I #g/ml poly-L-ornithine and 0"7 M-mannitol in 50 raM-phosphate buffer, pH 8-8; nearly 60 % of protoplasts became infected. A brief contact of virus and poly-L-ornithine was essential for infection at high pH whereas it inhibited polycation independent infection at low pH. At high pH, poly-L-ornithine formed aggregates with virus. Infection of protoplasts seemed to be controlled by the strength of the positive charge on virus particles at low pH and that on the virus-poly-L-ornithine complexes at high pH.
INTRODUCTION
Since the infection of tobacco protoplasts with tobacco mosaic virus (TMV) was established successfully by Takebe & Otsuki (I969) , protoplasts isolated from various kinds of plants have been efficiently infected with plant viruses (Takebe, I975a, b) . Protoplast systems have proved to be very useful and reliable for the study of plant viruses (Zaitlin & Beachy, I974; Takebe, I975a, b) . In a previous paper we reported that barley mesophyll protoplasts can be infected with brome mosaic virus (BMV), although the percentage of infection ranged from 2 to 30% (Okuno, Furusawa & Hiruki, 1977 )-Optimal conditions for infection differ for different virus-protoplast systems (Takebe & Otsuki, I969; Motoyoshi & Oshima, 1975, I976; Kubo et al. 1976; Otsuki & Takebe, ~976) . It is well known that the positive charges of virus particles and of virus-polycation complexes play an important role in infection of protoplasts, but the precise conditions optimal for infection have not been defined. In this paper, we describe some factors influencing the infection of barley protoplasts with BMV, and we discuss the role of poly-L-ornithine and the relation between infection efficiency and the electrostatic properties of virus particles and protoplasts.
METHODS

Virus.
A standard strain of BMV (ATCC66) provided by Dr C. Hiruki (University of Alberta, Canada) was used. Virus multiplication and purification were as described by Hiruki (1969) with a minor change. Barley plants, at the one-leaf stage, were dusted with 41o
T. OKUNO AND I. FURUSAWA Carborundum and then inoculated by rubbing with cotton pads dipped in 0"5 mg/ml purified BMV in o.oI M-sodium acetate buffer, pH 5"o, containing o.oor M-MgC12 (standard buffer). About 2 weeks after inoculation the plants were harvested, cut into small pieces and then frozen at -2o °C until use. Virus was purified at room temperature during the first centrifugation cycle in o'5 M-KH~PO~. The final preparation was suspended in standard buffer containing I M-ethylene glycol and then stored in closed ampoules at -20 °C until used (Lane, 1974) .
Preparation and inoculation of protoplasts. Six to 8-day-old primary leaves of barley seedlings (Hordeum vulgare L. cv. Moore) were used as a source of protoplasts. Protoplasts were isolated by the procedure of Okuno et al. (1977) with a minor change. One gram of leaves with their abaxial epidermis peeled off, were soaked in Io ml enzyme solution containing I °/o Cellulase Onozuka R-Io (Kinki Yakult Manuf. Co., Nishinomiya, Japan), 0"05 % Macerozyme Onozuka R-Io (Kinki Yakult Manuf. Co.) and o.6 i-mannitol, pH 5"6, and then incubated at 23 °C for 2"5 to 3 h. The isolated protoplasts were collected in 50 ml glass centrifuge tubes at 7o0 rev/min (about IOO g) for 3 min and then washed twice with o.6 imannitol solution by centrifugation. The washed protoplasts were suspended in 0"7 Mmannitol solution immediately before inoculation to give about 5 × lO5 celts/ml. Five ml of the suspension were mixed with an equal volume of inoculation medium in IO ml Wassermann test tubes containing BMV and poly-L-ornithine (mol. wt. 122000, Sigma Chemical Co.) to give an indicated final concentration in 0"7 i-mannitol solution buffered with potassium citrate or phosphate or tris-HC1 at the specified pH. The tubes were stoppered with Parafilm, kept at 23 °C for IO min and frequently turned upside down to disperse and mix the protoplasts. When protoplasts were to be inoculated without pre-inoculation incubation of BMV and poly-L-ornithine, BMV was added to the inoculation medium immediately before mixing with the protoplast suspension. Inoculated protoplasts were collected by centrifugation and then washed twice with o'7 i-mannitol solution containing Io mM-CaCl~.
Incubation ofprotoplasts. Protoplasts were suspended in 3 to 5 ml of incubation medium to give about 5 × lO5 cells/ml in 5 ° ml Erlenmeyer flasks as reported by Okuno & Furusawa (1977) .
Determination of infection.
Infection was assessed by fluorescent antibody staining (Okuno et al. I977) . The number of fluorescing protoplasts as a percentage of the number of live protoplasts was determined. The percentage of infected protoplasts had standard deviations of 2"5 and 3"7 in two experiments in which protoplasts were inoculated under the same conditions in five test-tubes.
Aggregate formation in inocula.
A reaction mixture including poly-L-ornithine (2o #g/ml) and/or BMV (2o #g/ml) was incubated at 23 °C for 30 min and the turbidity at 340 nm was recorded in IO mm path-length silica cells using a Hitachi IOI spectrophotometer.
RESULTS
Factors affecting infection of barley protoplasts with BMII Ionic strength
When protoplasts were inoculated with BMV at low pH, infection increased with decreasing concentration of the buffers (Table i, Expt. i). The inhibition of infection in high concentrations of buffers was greater in citrate buffer than in phosphate buffer. The maximum efficiency of infection, however, was obtained with inoculation in o-I raM-citrate buffer, pH 5.0. To investigate the effect of ionic strength on infection, protoplasts were inoculated in o.I mM-citrate buffer, pH 5"0, containing a neutral salt at different concentra- • Protoplasts were inoculated either with 2o #g/ml BMV together with 0-2 #g/ml poly-L-ornithine without pre-inoculation incubation (Expt. I) or with I/zg/ml BMV together with I/zg/ml poly-L-ornithine after pre-inoculation incubation at 23 °C for 5 min (Expt. 2 and 3)-I Determined by fluorescent antibody staining after incubation for 44 h. :~ -, Protoplasts aggregated during inoculation procedure. * Protoplasts were inoculated with 2o#g/ml BMV together with o.2#g/ml poly-L-ornithine in o-I mM-citrate buffer, pH 5"o, without pre-inoculation incubation. Results are expressed as % fluorescing protoplasts, determined by fluorescent antibody staining after incubation for 44 h. tions. Table 2 shows that infection was inhibited by increasing the concentration of the salts. This inhibitory effect was greater in salts containing divalent cations, especially Ca ~+, than with KC1.
Infection of protoplasts with BMV
In contrast, when protoplasts were inoculated at high pH in different concentrations of buffers, infection efficiency increased with increasing concentration from I to 50 mM in phosphate buffer and from I to 25 mM in tris-HC1 buffer, but decreased above these concentrations (Table I , Expt. 2 and 3). At concentrations below 'Io mM, protoplasts often aggregated during the inoculation procedure. T, OKUNO AND I. FURUSAWA Expt. * t * Protoplasts were inoculated either with 2o#g/ml BMV together with o.2 #g/ml without pre-inoculation incubation (Expt. I) or with I/zg/ml BMV together with I/*g/ml after pre-inoculation incubation at 23 °C for 2"5 min (Expt. 2 and 3).
t Determined by fluorescent antibody staining after incubation for 44 h.
poly-L-ornithine poly-L-ornithine pH Value
The efficiency of poly-L-ornithine-independent infection below pH 7 increased with decreasing pH (Table 3 , Expt. I). At pH 6.6 or above, no protoplast was infected when inoculated with 2o #g/ml BMV. These results are consistent with those of the previous report, in which infection was assessed by local lesion assay (Okuno et al. 1977) . The infection efficiency with 2o/zg/ml BMV was hardly affected by changing the pH from 5" I to 4"2. However, when 5 #g/ml BMV was used as the inoculum, infection efficiency increased with decreasing pH below 5"1 (Table 4) .
The efficiency of poly-L-ornithine-dependent infection above pH 7 increased with increasing pH from 6.6 to 8.8 in 5o mM-phosphate buffer and from pH 8.o to 8.8 in 25 mutris-HC1 buffer respectively, but the efficiency declined above pH 8.8 (Table 3 , Expt. 2 and 3).
Inoculum concentration
Infection efficiency at low pH increased with increasing concentration of BMV from I to 2o #g/ml regardless of the presence or absence of poly-L-ornithine (Table 5 , Expt. i). In contrast, I #g/ml BMV was optimal for poly-L-ornithine-dependent infection at high pH. The infection efficiency was decreased by increasing BMV concentration above I #g/ml and this tendency was greater at higher pH (Table 5, Expt. 2). Results are % fluorescing protoplasts, determined by fluorescent antibody staining after incubation. for 44 h.
Poly-L-ornithine
We reported previously that poly-L-ornithine was not essential for infection of barley protoplasts with BMV but it increasingly enhanced infection with increasing concentration from o to I #g/ml (Okuno et aL I977) . When protoplasts were inoculated with 2o/zg/mI BMV at low pH, even in low ionic strength buffer, poly-L-ornithine has a stimulatory effect on infection but the effect was not enhanced by increasing its concentration above 0.2/zg/ml. Rather, higher concentrations of poly-L-ornithine often decreased the infection efficiency To OKUNO AND I. FURUSAWA 30 --o * Protoplasts were inoculated either with zo/zg/ml BMV together with 0.2 #g/ml poly-L-ornithine in o'I raM-citrate buffer, pH 5'o (Expt. I and z), or with 1#g ml BMV together with i/zg/ml poly-L-ornitbine in 50 raM-phosphate buffer, pI-[ 8-5 (Expt. 3 and 4) after pre-inoculation incubation at 23 °C.
and damaged the protoplasts. Using lower concentrations of BMV (I to 5/zg/ml) as inocula, the infection efficiency was considerably stimulated by poly-L-ornithine (Table 4 and Table 5 , Expt. I). Poly-L-ornithine was essential for infection of barley protoplasts with BMV at high pH and the infection efficiency increased with increasing concentration of poly-L-ornithine from o to I/zg/ml (data not shown). Beyond this range, protoplasts aggregated during the inoculation procedure. It is well known that pre-inoculation incubation of virus and polycation is a prerequisite for infection of protoplasts with viruses whose particles have a net negative charge in the conditions of inoculation (Takebe, I975a) . To investigate this point in the BMV-barley protoplast system, protoplasts were inoculated with BMV which had been pre-incubated with poly-L-ornithine for different times. The infection efficiency at low pH was decreased by increasing the time of pre-inoculation incubation (Table 6 , Expt. I and z). Maximum infection was obtained with no pre-inoculation incubation. In contrast, pre-inoculation incubation was required for poly-L-ornithine-dependent infection at high pH. The optimal duration was about 5 rain and infection efficiency decreased with longer periods of pre-inoculation incubation (Table 6, Expt. 3 and 4).
Polyanion
BMV formed aggregates with polyanions such as poly-L-glutamic acid (tool. wt. I8OOO, Miles-Yeda Ltd.) and sodium dextran sulphate (mol. wt. 5ooooo, Pharmacia) in o.I and Io-mM-potassium citrate buffer, pH 5"o. To investigate whether the aggregates of BMV and polyanion might increase infection efficiency by forming the so-called infective unit (Motoyoshi, Bancroft & Watts, I974), protoplasts were inoculated with BMV pre-incubated with different concentrations of polyanion in the presence or absence of poly-L-ornithine. As shown in Table 7 , infection efficiency decreased with increasing concentration of polyanion from o to I #g/ml, especially in the absence of poly-L-ornithine, which reduced the inhibitory effect of polyanions on infection. 
* Protoplasts were inoculated with Io/zg/ml in BMV together with polyanion and poly-L-omithine (I/zg/ml) in citrate buffer, pH 5"o, after pre-inoculation incubation at 23 °C for Io min (Expt. 0, or inoculated with zo #g/m/BMV together with polyanion and poly-L-ornithine (o'2 #g/M) in the above buffer after pre-inoculation incubation at z3 °C for Io rain (Expt. z).
? Results are % fluorescing protoplasts, determined after incubation for 44 h. Results in parentheses are for samples inoculated without poly-g-ornithine. * Protoplasts were inoculated with 2o/zg/n-d BMV together with 0"2 #g/ml poly-L-ornithine in o'I raMcitrate buffer, pH 5'o, and then washed twice with 0"7 M-mannitol containing CaCI~ at different concentrations.
I" Determined by fluorescent antibody staining after incubation for 44 h.
Calcium ions
After inoculation with virus, protoplasts are normally washed with hypertonic solution containing calcium ions, which have a stabilizing effect on the plasma membrane. The effect of exposure to calcium ions after inoculation on the infection of barley protoplasts with BMV was examined. Table 8 shows that infection efficiency increased with increasing concentration of CaCI~ in the o'7 M-mannitol solution used to wash protoplasts after inoculation. Motoyoshi et al. (1974) reported that BMV did not precipitate with poly-L-ornithine in IO mM-citrate buffer, pH 5"2. Fig. I (a) shows, however, that BMV formed aggregates with poly-L-ornithine at pH 6.o or above in 5o raM-phosphate buffer and at pH 6-2 or above in 25 mM-tris-HC1 buffer, respectively. Poly-L-ornithine alone produced turbidity in phosphate buffer at pH 6.o or above as previously reported by Kubo et al. (1976) but not in tris-HC1 buffer. BMV did not form aggregates with poly-L-ornithine at a buffer concentration of I mi in either buffer even at pH 8.8 (Fig. I b) . =.
Factors affecting the reaction of BMV and poly-r, ornithine
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DISCUSSION
Infection of barley protoplasts with BMV occurred in the absence of poly-L-ornithine at low pH (Okuno et al. r977) where the net charge on BMV particles (iso-ionic point, pH 7"9; Bockstahler & Kaesberg, I962) is positive, whereas this polycation was essential for the infection at high pH where the net charge of BMV is weakly positive or negative. It is generally accepted that the net charge of protoplasts is negative at acidic pH (Grout & Coutts, I974) . If this is true for barley protoplasts, the enhancement of infection at low pH by decreasing the ionic strength and pH of the inoculation media suggests that infection was mainly controlled by the electrostatic affinity of virus particles and protoplasts, especially by the strength of the net positive charge of virus. At low pH the protoplasts were almost saturated using 20/zg/ml BMV but not with lower concentrations (Table 4 and Table 5 , Expt. i). These results suggest that the total amount of the positive charge carried by BMV and/or acting on protoplasts was one of the main factors affecting infection, and that the response of protoplasts was saturated by a critical amount of positive charge, probably reflecting the number of virus particles adsorbed to protoplasts.
In general, polycation is required for the infection of protoplasts with viruses, the net charge of which is negative under the inoculation conditions, although exceptional cases are reported in the infection of the protoplasts of some leguminous plants (Hibi, Rezelman & Van Kammen, I975; cf. Takebe, I975b) . Even in the infection of barley protoplasts with BMV at low pH, poly-L-ornithine increased infection, as in other virus-protoplast systems in which polycation is not essential for infection (Motoyoshi & Hull, I974; Motoyoshi et al. ]974; Hibi et al. I975). However, the pre-inoculation incubation of BMV and poly-Lornithine at low pH decreased the infection efficiency, although the mechanism is not known.
These results rule out the possibility that the stimulatory effect of poly-L-ornithine on the polycation-independent infection, at least in the BM¥-barley protoplast system, is caused by the formation of virus-poly-L-ornithine complexes and suggest that poly-L-ornithine alone stimulates infection by acting on the protoplast membrane.
Tobacco and barley protoplasts required high inoculum concentrations for maximum infection with variant 5 and wild type BMV, respectively (Motoyoshi et al. 1974; Okuno et al. 1977) . As demonstrated by the efficient infection at high pH, the requirement for high inoculum concentration does not seem to be caused by a difference between the specific infectivity of BMV and that of other viruses but by the inability of BMV to form the socalled infective unit at low pH (Motoyoshi et al. I974) . However, our attempts to obtain efficient infection at low pH by using inocula containing BMV and polyanions such as poly-L-glutamic acid and dextran sulphate in the presence or the absence of poly-L-ornithine were unsuccessful. It is also conceivable that the net positive charge of BMV particles at low pH is weaker than that of the BMV-poly-L-ornithine complexes at high pH.
BMV formed aggregates with poly-L-ornithine at the optimal conditions for poly-Lornithine-dependent infection. The formation of virus-poly-L-ornithine complexes, however, was not the only requirement for infection, the efficiency of which was not necessarily correlated with the turbidity developing in the virus-poly-L-ornithine mixtures. It is well known that above pH 6.6 BMV has a swollen form which is very unstable and sensitive to ribonuclease (Incardona, McKee & Flanegan, 1973) . The conditions optimal for poly-L-ornithine-dependent infection closely resemble those used by Sarkar, Upadhya & Melchers (1974) when inoculating tobacco protoplasts with TMV-RNA. High pH and high salt concentrations inhibit ribonuclease. These considerations suggest that the rapid decline of infection efficiency at high pH, with increasing the time of pre-inoculation incubation beyond the optimum, might be caused by this property of BMV, which also might partly explain the decrease of poly-L-ornithine-independent infection by increasing pH; cucumber mosaic virus infection of tobacco protoplasts is similarly affected (Otsuki & Takebe, 1973) . Alternatively the electrostatic properties of virus-poly-L-ornithine complexes may change during pre-inoculation incubation because it is also reasonable to suppose that the conditions optimal for poly-L-ornithine-dependent infection at high pH maximize the net positive charge on the virus-poly-L-ornithine complexes.
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